An analytical method for determining bromate in drinking water was developed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The 18 O-enriched bromate was used as an internal standard. The limit of quantification (LOQ) of bromate was 0.2 μg/L. The peak of bromate was separated from those of coexisting ions (i.e., chloride, nitrate and sulfate). The relative and absolute recoveries of bromate in two drinking water samples and in a synthesized ion solution (100 mg/L chloride, 10 mg N/L nitrate, and 100 mg/L sulfate) were 99 -105 and 94 -105%, respectively. Bromate concentrations in 11 drinking water samples determined by LC-MS/MS were <0.2 -2.3 μg/L. The results of the present study indicated that the proposed method was suitable for determining bromate concentrations in drinking water without sample pretreatment.
Introduction
Bromate may be carcinogenic in humans and is listed as Group 2B by the International Agency for Research on Cancer (IARC). 1 Bromate is known to be a disinfection by-product during ozonation. 2 It has also been reported that bromate is present as an impurity in sodium hypochlorite solution, a disinfectant. 3, 4 The maximum contaminant level (MCL) of bromate in drinking water in the United States of America (USA) is 10 μg/L. 5 The guideline value in the World Health Organization (WHO) Guidelines for drinking water quality and the standard value in drinking water in Japan are 10 μg/L. 6, 7 To determine bromate concentration in drinking water at low concentration, ion chromatography-postcolumn reaction (IC-PCR) has been applied. [8] [9] [10] [11] This method is selected as an official method for drinking water in Japan. 12 However, maintenance of the postcolumn module was difficult because high concentrations of sulfate solution and other chemicals were used. Recently, in the IC system, mass spectrometry (MS) has been applied to determine bromate. The methods using both MS (i.e., IC-MS) [13] [14] [15] and tandem mass spectrometry (i.e., IC-MS/MS) [16] [17] [18] [19] [20] were reported, but the number of studies using IC-MS/MS, a more accurate method, seemed to be larger. Also, more recently, liquid chromatography (LC)-MS/MS has been applied for bromate analysys. 21, 22 Although IC-MS/MS and LC-MS/MS are highly sensitive and accurate, these methods have a problem for the application in drinking water. That is, when coexisting ions (e.g., chloride, nitrate and sulfate) contained in drinking water co-eluted with bromate, ion suppression or ion enhancement occurred, which resulted in reduction or increase of the sensitivity.
Thus, for the determination of bromate in drinking water using IC-MS/MS or LC-MS/MS, it is necessary to chromatographically separate bromate from coexisting ions, particularly chloride for IC, or to mitigate their effects with sample pretreatment. In the case of IC-MS/MS, chromatographic separation was occasionally achieved and bromate were determined without sample pretreatment. 19, 20 On the other hand, in the case of LC-MS/MS, no methods for analysis of bromate without pretreatment have yet been reported. As examples of the sample pretreatment methods, pretreatment cartridges have been used to remove coexisting ions from water. 21 In addition, sample dilution was performed to reduce the effects of coexisting ions and to determine oxyhalide including bromate in sodium hypochlorite solution. 22 In this previous study, 22 18 O-enriched perchlorate and bromate were used as internal standards of perchlorate and bromate, respectively. From these reports, we considered that IC-MS/MS might be more suitable than LC-MS/MS to determine ions including bromate in drinking water. However, compared to LC-MS/MS, more components such as a suppressor and an auxiliary pump are needed for IC-MS/MS. Also, in Japan, application of IC-MS/MS is limited in water utilities and institutions for water quality tests. Therefore, we considered that the development of an analytical method for bromate using LC-MS/MS without pretreatment would be very useful.
In the present study, we developed a method for analysis of bromate in drinking water using LC-MS/MS without the need for sample pretreatment. Bromate concentrations in drinking water were determined using the proposed method.
Experimental

Reagents and solutions
Ultrapure water purified using a Gradient A10 water purification system (Millipore, Bedford, MA) was used for the experiments (e.g., preparations of the standard and stock solutions and eluents). Standard bromate solution was purchased from Kanto Chemical (Tokyo, Japan), and those of chloride, nitrate, sulfate and chlorite were purchased from Wako Pure Chemicals (Osaka, Japan). Standard haloacetic acid solutions containing nine types of haloacetic acids were purchased from Kanto Chemical. 18 O-Enriched potassium bromate solution was purchased from Cambridge Isotope Laboratories (Andover, MA). All other reagents used in the present study were of analytical grade.
Sample preparation and recovery studies
The 18 O-enriched bromate was added to the samples as an internal standard and mixed before analysis (final concentration, 2.0 μg/L). Bromate recovery studies were performed using two types of drinking water (i.e., drinking waters A and B) and synthesized ion water. Drinking water samples A and B were tap water collected in Saitama and Chiba prefectures, respectively. Ammonium chloride (Sigma-Aldrich, St. Louis, MO) was added in drinking water (final concentration, 20 mg/L) to transform residual chlorine into chloramines. 20 The synthesized ion water was prepared by dissolving 100 mg/L of chloride, 10 mg N/L of nitrate and 100 mg/L of sulfate in ultrapure water. For all recovery studies, spiked bromate concentration was 1.0 μg/L. Separation of bromate and haloacetic acids or chlorite was also investigated. Moreover, 11 drinking water samples were collected in June and July 2010 to determine bromate levels in drinking water. The two drinking water samples used for recovery studies were not included in the 11 drinking water samples. As was the case in the recovery studies described above, ammonium chloride was added in drinking water to transform residual chlorine into chloramines. All the sample solutions collected were refrigerated at 4 C.
Analytical methods
Bromate concentrations in water samples were determined by LC-MS/MS. The separation was performed using an Agilent 1200SL binary pump (Agilent Technologies, Palo Alto, CA). The separation column used was an Acclaim Trinity P1 column (3.0 mm × 100 mm, 3 μm; Dionex, Sunnyvale, CA); its temperature was 30 C. This column has reversed-phase, anion-exchange and cation-exchange retention properties. The gradient conditions of eluent B were as follows: 0% held for 9 min, a linear increase to 95% in 0.5 min and held for 10 min, a linear decrease to 0% in 0.5 min and held for 6 min. After each run, the eluents were flowed for 1 min under the initial conditions. The total run time of each sample was 27 min. The flow rate was 0.7 mL/min, and the injection volume was 50 μL. Detection was performed using a 3200 QTRAP tandem mass spectrometer (Applied Biosystems, Foster City, CA) operated in the negative-ion turbo ion spray mode. In the present study, only MS/MS was investigated and the comparison between MS and MS/MS was not performed. This is because MS/MS is known to be more accurate and the investigation of the analytical conditions without sample pretreatment was considered to be a more interesting topic. The analytical conditions of the tandem mass spectrometer were optimized for bromate analysis. Collision gas flow was 6 psig, curtain gas flow was 30 psig, ion source gas 1 flow was 70 psig, ion source gas 2 flow was 60 psig, ionspray voltage was -4500 V and temperature was 700 C. 
Results and Discussion
Optimization of analytical conditions of bromate and its limit of quantification Figure 1 shows the MRM chromatograms of 18 
BrO3
-. In the previous study, the presence of the bromate peak in 18 O-enriched bromate solution was not described. 22 Note that the supplier in the previous study was different from that in the present study. When 18 O-enriched bromate concentration was reduced to 2.0 μg/L, the peak of 79 BrO3 -was not observed. Thus, in the present study, the 18 O-enriched bromate concentration added to the sample solution as an internal standard was set to 2.0 μg/L. In the case of bromate, the MRM transition of 79 BrO3 -was selected for monitoring.
The bromate calibration points were set at 0.2, 0.5, 1.0, 5.0, and 10 μg/L, and the calibration curve was linear (R 2 > 0.998). The method detection limit (MDL) of bromate was determined by repeated analyses (n = 7) of 0.2 μg/L of bromate in ultrapure water. Figure 2 shows the MRM chromatograms of bromate at 0.2 μg/L in ultrapure water. The bromate retention time was ∼7.5 min. The mean bromate concentration was 0.22 μg/L and its standard deviation (SD) was 0.019 μg/L. The value of 10 × SD was 0.19 μg/L, and therefore the limit of quantification (LOQ) of bromate was set at 0.2 μg/L. It was reported previously that, in the case of IC-MS/MS, the LOQ of bromate was 0.05 μg/L, 21 and the lowest concentration minimum reporting level (LCMRL) was calculated as 0.042 μg/L.
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It was also reported that the LOQ for bromate using LC-MS/MS was 0.1 μg/L. 18 Thus, the LOQ and LCMRL of bromate using LC-MS/MS in the present study were higher than those in previous studies. On the other hand, the LOQ of the conventional method, IC-PCR, is 0.2 μg/L. 24 The target value for bromate (e.g., MCL in the USA, the guideline value in WHO Guideline for drinking water quality, and a standard value in Japan) is 10 μg/L in many cases. [5] [6] [7] Therefore, the LOQ of bromate in the present study was sufficient to determine bromate in drinking water.
Recovery studies of bromate
Next, bromate recovery was investigated (n = 3). Table 2 shows the results of bromate in matrix solutions (i.e., two samples of drinking water and synthesized ion water). The mean relative recoveries of bromate were in the range of 99 -105%. The relative standard deviations (RSDs) were 1.6 -4.0%. The mean absolute recoveries of bromate were also high (i.e., 94 -105%), and the RSDs were 1.0 -5.5%. The addition of ammonium chloride did not affect the recoveries of bromate in drinking water. Thus, we showed that, using the proposed method, sample pretreatment (e.g., using pretreatment cartridges) was not required to determine bromate concentrations. Figure 3 shows MRM chromatograms of bromate and coexisting ions (i.e., chloride, nitrate and sulfate) in drinking water. In the case of IC, the chloride retention time is generally shorter than that of nitrate. The bromate peak occasionally overlaps with that of chloride. However, in the present study, the bromate peak was separated from those of chloride, nitrate and sulfate. In addition, the nitrate retention time was shorter than that of chloride. The column used has the multiple retention properties 23 and we considered that the separation of the ions was obtained by the combined effects of these properties. Thus, we presumed that the separation mechanism of the ions by the column used was different from that by IC although the main mechanism was unclear. This chromatographic separation was considered to be one reason for the high recoveries of bromate observed in the present study (Table 2 ). In the present study, the gradient condition of LC was changed back to the initial state (i.e., 0% of eluent B) after the elution of sulfate (Fig. 3) . We considered that the retention times of some compounds in drinking water are longer than that of sulfate. For example, the retention times of some haloacetic acids were longer than that of sulfate in IC-MS/MS system. [18] [19] [20] Elution of nine haloacetic acids were investigated under the condition that the final gradient conditions in the present study (i.e., 95% of eluent B) were continued. As in the case of IC-MS/MS system, [18] [19] [20] the retention times of trihaloacetic acids were longer than those of mono-and dihaloacetic acids (data not shown). The retention time of tribromoacetic acid was around 30 min and was the slowest among the four trihaloacetic acids (Fig. 4) . 79 Br -), respectively. The temperature of the MS/MS system was set at 300 C in Fig. 4 . This value was lower than that of the analytical conditions of bromate (i.e., 700 C) (see section of analytical methods). This is because the sensitivities of the trihaloacetic acids in the MS/MS system were low at 700 C, and their peaks were not observed. It was considered that trihaloacetic acids were easy to degrade by thermal decomposition. The result in Fig. 4 indicated that the longer gradient condition of 95% of eluent B seemed to be better from the point of the accumulation of compounds in the column. However, as described above, the recovery of bromate in the gradient conditions used in the present study was high (Table 2) . Thus, this gradient condition in the present study was employed. Moreover, it was reported that the peak of bromate was close to that of monobromoacetic acid and was relatively close to those of monochloroacetic acid and chlorite in IC-MS/MS system. 13 In LC-MS/MS system, the peak of bromate was close to that of monochloroacetic acid and was relatively close to that of monobromoacetic acid (Fig. 5) . In the figure, the MRM transitions of monochloroacetic acid, monobromoacetic acid and chlorite were m/z 93 (C 35 ClO -), respectively. On the other hand, the peak of bromate was overlapped with that of chlorite. In drinking water regulation in Japan, chlorite is selected as the management item and its target value is 600 μg/L.
Separation of bromate with coexisting compounds
12 Our results suggested that it was difficult to determine bromate using the proposed method without sample pretreatment in the samples containing chlorite at high concentration, although chlorite concentration in drinking water is generally low.
Application in drinking water samples
Moreover, the bromate concentrations in 11 drinking water samples were determined using LC-MS/MS. Three drinking water samples had conventional purification systems (i.e., coagulation, flocculation and sand filtration). Bromate was detected in two of the three drinking water samples, and its concentrations were <0.2 -0.4 μg/L. The purification systems of the remaining eight drinking water samples involved conventional purification systems with ozone/biological activated carbon (BAC) treatment. Bromate was detected in all eight drinking water samples at concentrations in the range 0.5 -2.3 μg/L. These results were in agreement with those of previous studies indicating that bromate is produced during ozonation. 2 The absolute recoveries of 18 O-enriched bromate in the 11 drinking water samples were 94 -101%. The results of the present study indicated that the proposed LC-MS/MS method is applicable for determination of bromate concentrations in drinking water without sample pretreatment.
Conclusions
(1) The LOQ of bromate using LC-MS/MS with 18 O-enriched bromate as an internal standard was 0.2 μg/L. (2) The relative and absolute recoveries of bromate in two drinking water samples and one synthesized ion solution were 99 -105 and 94 -105%, respectively. (3) Bromate concentrations in 11 drinking water samples determined using LC-MS/MS were <0.2 -2.3 μg/L. The proposed method using LC-MS/MS was applicable to determination of bromate in drinking water without sample pretreatment. 
